In recent decades, applications of single photon emission computed tomography and positron emission tomography in clinical neuroimaging have markedly increased. In this study, we developed a series of Korean computational head phantoms with detailed cranial substructures for 6-, 9-, 12-and 15-year-old children and adult by non-uniformly adjusting a template head phantom to match the Korean standard head dimensions. The Korean head phantoms were coupled with a Monte Carlo transport code to calculate age-dependent specific absorbed fraction (SAF) for the combination of 10 source and target regions and mono-energetic photons ranging from 0.01 to 4 MeV. Compared to the adult phantom, the 6-y phantom showed up to 1.4-fold greater self-absorption SAF (cerebellum) and up to 1.8-fold greater cross-irradiation SAF (cerebellum < eye balls). With addition of electron SAFs in the future, our photon SAF data will facilitate dose calculations for various cranial substructures in patients undergoing cranial neuroimaging procedures.
INTRODUCTION
Over the past decades, advances in single photon emission computed tomography (SPECT) and positron emission tomography (PET) imaging techniques and an increasing number of new radiopharmaceuticals have resulted in a surge of neuroimaging applications in nuclear medicine on pediatric and adult patients (1, 2) . For any procedure involving ionizing radiations, including nuclear medicine, it is essential to evaluate the risks and benefits and hence to assess the amount of radiation dose received in different organs and tissues within the patient's body.
Since it is not feasible to directly measure the absorbed dose in the human body undergoing nuclear medicine procedures, the Medical Internal Radiation Dose (MIRD) committee of the Society of Nuclear Medicine and Molecular Imaging (SNMMI) proposed calculation methods to estimate radiation dose to target organs from radionuclides distributed in source organs (3, 4) . The MIRD formalism stipulates that the absorbed dose to a target organ for different types of particles emitted from source organs can be estimated by the products of the time-integrated activity in each source region and organ dose coefficients for source and target organs, called S-values (5) (Gy/Bq s). The S-values are derived from specific absorbed fractions (SAF) calculated by Monte Carlo radiation transport methods coupled with computational human phantoms. Early computational human phantoms used in nuclear medicine dosimetry calculations were stylized phantoms, composed of simplified geometrical shapes described by mathematical equations (6) . To overcome limitations in anatomical realism of stylized phantoms, more realistic voxel-based phantoms have been developed by segmenting organs and tissues of interest from tomographic images of real patients (7) (8) (9) . Chao et al. (10) calculated S-values for five brain imaging radionuclides using detailed adult head voxel phantom (10) , but the only dose coefficients available both for pediatric and adult head are still based on a series of stylized computational phantoms (11) . However, several studies reported that lack of anatomical realism in stylized phantoms could lead to substantial errors in internal dosimetry (12) (13) (14) . It is essential to develop a series of pediatric and adult head phantoms with realistic anatomical structures.
In the current study, we developed a series of realistic age-dependent Korean computational head phantoms by processing the head of an existing Korean whole body voxel phantom of 7-year-old as a template. We then used the head phantom series to calculate a comprehensive set of internal dose coefficients for photon.
MATERIALS AND METHODS

Korean head phantoms
We employed an existing whole body Korean voxel phantom created for a non-ionizing radiation dosimetry study (15) to derive a template head phantom. The whole body voxel phantom was developed from 384 axial magnetic resonance (MR) images obtained from a 7-year-old child with spacing of 3 mm and 1 mm 2 of in-plane resolution. A total of 44 organs and tissues were manually segmented using Adobe Photoshop TM (Adobe Systems, San Jose, CA) from the MR images to build the whole body voxel phantom. The phantom was then non-uniformly scaled to match 16 different Korean standard anthropometric parameters of reference 7-year-old child including the height, length, and breadth of the head, chest and waist (15) . The contours of anatomical structures in the head of the whole body Korean voxel phantom were converted into objects in polygon mesh format using 3D modeling software, 3D-Doctor TM (Able Software, Corp., Lexington, MA), resulting in a template head model containing a total of 20 anatomical structures including skin, muscle, bone, eye (lens, sclera and vitreous body), gray matter, white matter, cerebellum, brainstem, spinal cord, tongue, blood and cerebrospinal fluid.
To adjust the template head phantom to create age-dependent head phantoms, we employed the measurements of standard age-dependent head size available from the Korean National Survey of Body Size (16) . Amongst the available data, seven different standard head size measurements were selected: head lateral width, eye-to-chin height, head height, ear width, ear height, head frontal width and head circumference (Figure 1 ) for five different ages: 6, 9, 12, 15 and adult (over 18-year-old), as summarized in Table 1 . Although the height and width of the ears do not affect the internal dosimetry calculations, we matched the dimensions for potential use for non-ionizing radiation dosimetry.
A non-uniform morphing technique was applied to the template head phantom to adjust its size and match the Korean standard head size measurements (Table 1) , using Rhinoceros TM (McNeel North America, Seattle, WA), 3D graphics and computer-aided design (CAD) software. With the non-uniform morphing technique, we allowed the dimensions of the internal structures to automatically follow the changes in the head dimensions. Three head dimensions (head lateral width, ear width and ear height) were not adjusted in the 6-yearold head phantom as the standard head measurements were not available (Table 1) . Final age-dependent head phantoms in polygon mesh format were then converted into voxel format, which was necessary for Monte Carlo radiation transport. An in-house voxelization script (17) was used to obtain a binary voxel Figure 1 . Description of seven measurements of head size conducted in the Korean Standard Body Size Measurements (16) .
format with the resolution of 1 × 1 × 1 mm 3 for each head phantom.
Calculation of SAFs
The second objective of the current study was to calculate photon SAF in the five age-dependent Korean head phantoms using a Monte Carlo radiation transport method.
According to the MIRD formalism (5) , the S-value (Gy/Bq s) is defined as the mean absorbed dose to the target r T per unit of cumulated activity in the source region r S :
where Δ i is the mean energy of the ith transition per nuclear transformation, such as Δ = Y E i i i , with E i the energy emitted for radiation type i with a probability Y i . To calculate S-values, it is required to calculate SAF-value Φ( ← ) r r E , T S i , which is the ratio of the absorbed fraction (AF) to the mass of the target organ ( ) M r T :
i represents the ratio of the absorbed energy E i in target region r T to the energy E 0 emitted in source region r S .
Mono-energetic photons with the energy ranging from 10 keV to 4 MeV were uniformly sampled within the 10 source organs or tissues listed in Table 2 . Elemental compositions and densities of these organs or tissues were taken from the International Commission on Radiation Unit and Measurement (ICRU) (18) and the International Commission on Radiological Protection (ICRP) Publications (19) .
A general purpose Monte Carlo radiation transport code, MCNPX version 2.7.0 20 was used for the current study. An in-house MATLAB script was used to automatically create MCNPX input files for the five age-dependent head phantoms for the twelve photon energies (10 keV to 4 MeV) and for the 10 source organs (Table 2 ). Standard photon cross section libraries were used and default energy cut off of 1 keV were used. The transport of secondary particles was taken into account. In order to obtain adequate associated accuracy, fifty millions of particle histories were simulated for each source organ. The energy deposited to the 10 target organs and tissues (Table 2 ) was calculated by using Tally *F8 in MCNPX and then divided by the original photon energy (Eq. 3). The National Institutes of Health (NIH) High Performance Computer, Biowulf cluster, was used to conduct parallel computing of MCNPX. Another in-house MATLAB script was used to derive SAFs from the deposited energy abstracted from MCNPX output files divided by the target organ mass (Eq. 2).
RESULTS AND DISCUSSION
Korean pediatric and adult head phantoms
A template head phantom in polygon mesh format was developed from the whole body voxel phantom of a 7-year-old Korean child. We created a series of five age-dependent Korean head phantoms by adjusting different head dimensions matching the Korean standard head dimensions ( Table 1) . The median age in each age group was assigned to each age-dependent head phantom (e.g. the 9-year-old phantom for the age group of 8-10 y). Figure 2 shows the 3D visualization of the adult head phantom with the major organ index, where skin, muscle, fat, and skeleton were made semi-transparent to clearly show the internal structures. The 6-, 9-, 12-, 15-year-old children and adult head phantoms are Figure 3 , with lateral (top row) and frontal (bottom row) views, skin and fat made transparent. The dimensions of seven different regions of the adjusted head phantoms are tabulated in Table 3 . The dimensions between the head phantoms and the Korean standard data are in agreement with an average ratio (the head phantoms to the Korean data) of 1.012 + 0.004σ from the 9-year-old to adult phantoms, in which the Korean standard data were available for the measurements of all regions.
The mass of all organs and tissues included in the head phantoms were presented in Table 4 . Figure 4A and B show the organ and tissue masses for the structures with the mass <100 and >100 g, respectively. Organ mass increased with age, as expected, but since the adjustment was non-uniform, the increase rate was found different by structure and was not consistent in the mass of cerebrospinal fluid from 9-to 12-year-old. On average, organs/tissues masses from the 9-, 12-, 15-year-old and adult head phantom were found 1.16 + 0.06σ, 1.24 + 0.09σ, 1.33 + 0.12σ, 1.56 + 0.16σ-fold greater than that of the 6-year-old head phantom, respectively. The greatest increase rate was observed in the cartilage and spinal cord ( Figure 4A ) and the smallest for the gray matter, white matter and cerebrospinal fluid (Figure 4A and B) .
We compared the mass of selected structures in the adult head phantom with other published data. Since Korean data for reference organ mass is not currently available, we adopted the MIRD adult head and brain model data (11) for comparison. Table 5 shows the comparison of organ mass for six head structures which were found in common between our phantom and the MIRD report: skin, eyes, white matter, cerebellum, spinal cord and cerebrospinal fluid. Percent difference between the two phantoms for these the six structures is listed in the last column.
We found best agreement in the spinal cord with the percent difference of 3%. Relatively good agreement (<20%) was found in the white matter (9%) and cerebrospinal fluid (−17%). Some organs showed the percent difference >20%: eyes (−31%), skin (40%) and cerebellum (62%). We found our cerebellum is heavier than that of the MIRD model, which is rather consistent with literature data, 103-197 g, with an average of 144.0 ± 1.0σ g (21) . In contrast, our eye model was lighter than the MIRD eye by about 5 g and we found the MIRD eye mass is consistent with the data from the ICRP Publication 89 (19) . Further comparison with Korean standard organ mass needs to be conducted to evaluate the realism of the Korean head phantoms in more rigorous manner. ) for photon were calculated for 10 selected source and target organs or tissues listed in Table 2 . Full dataset in a spreadsheet format is provided in the Supplementary data. Figure 5A and B illustrates the photon SAFs for the 6-, 9-, 12-, 15-year-old and adult head phantoms in a case of selfabsorption in the cerebellum and the white matter, respectively, and Figure 5C shows the SAFs for cross-irradiation from the cerebellum to the white matter.
PHOTON SAFS
SAFs (kg
Photon SAFs for both self-absorption and crossirradiation in the phantoms of younger ages were overall greater than those of older ages. Photon SAFs for self-absorption in the cerebellum ( Figure 5A ) for the 6-year-old phantom were 1.63-fold greater at Figure 4 . Change of mass in the head structures of which mass is (A) smaller than 100 g and (B) greater than 100 g in the five Korean head phantoms as a function of age. 10 keV and 1.33-fold greater at 4 MeV than the adult phantom. When compared with 12-year-old phantom, SAFs for the 6-year-old phantom were 1.24-fold at 10 keV and 1.13-fold at 4 MeV greater those of the 12-year-old phantom. In case of self-absorption in the white matter ( Figure 5B ), we observed similar dose differences to the cerebellum, where photon SAFs for the 6-year-old phantom were 1.4-fold at 10 keV and 1.25-fold at 4 MeV greater than those of the adult phantom. In case of cross-irradiation between the cerebellum and the white matter ( Figure 5C ), SAFs for the 6-year-old phantom at 4 MeV was also greater than those of the adult one by 1.32-fold. SAFs for cross-irradiation ( Figure 5C ) showed the peak values at around 0.03 MeV, which was different from selfabsorption, where SAFs were decreasing as photon energy increased.
COMPARISON OF SAFS WITH THE MIRD ADULT HEAD PHANTOM
We compared our SAFs obtained from our adult head phantom with those from the MIRD head and brain phantom for selected source/target organs or tissues: the cerebellum ( Figure 6A ) and white matter ( Figure 6B ) as source organs and the cerebellum, white matter, and spinal cord as target organs. We selected five energies (15, 20, 50 , 100 keV and 1 MeV) for the comparison.
In case of self-absorption in the cerebellum ( Figure 6A ) and white matter ( Figure 6B ), ratios of SAFs from our phantom to those from the MIRD one were on average 0.77 ± 0.05σ and 0.80 ± 0.02σ, respectively, across the photon energies. The SAFs from our head phantom were overall smaller than those from the MIRD phantom. The discrepancy is mainly explained by the difference of the mass of the cerebellum and white matter between our adult phantom and the MIRD phantom (Table 5 ). According to its definition, SAFs are derived by dividing AF by the mass of target organ (Eq. 2).
In cross-irradiation, SAFs from two head phantoms showed significant discrepancies. In case of SAFs for the cerebellum (source) to the spinal cord (target) and white matter (target) (Figure 6A ), the ratio of SAFs from our phantom to those from the MIRD phantom was on average 4.68 ± 6.88σ and 0.77 ± 0.09σ, respectively, across the photon energies. In addition to the difference in the cerebellum mass between the two head phantoms, inter-organ distance between the cerebellum and the target organs have a major impact on the differences in SAFs. In case of cross-irradiation from the white matter (source) to the cerebellum (target) and spinal cord (target) (Figure 6B ), average ratio of 0.77 ± 0.09σ and 0.65 ± 0.30σ, respectively, across the photon energies.
The discrepancies in SAFs between the two head phantoms may either be linked to the difference in inter-organ distances and the difference in Monte Carlo radiation transport codes used in each study (MCNPX in our study vs. EGS in MIRD). It is known that the use of stylized phantoms tends to provide an over-or under-estimation of the dose calculations in internal dosimetry mainly because of the unrealistic anatomical structures in stylized phantoms compared to human anatomy (14, (22) (23) (24) (25) .
CONCLUSION
We developed a series of Korean pediatric and adult head phantoms by non-uniformly adjusting a template head phantom of 7-year-old child to match Korean standard head dimensions. We found overall good agreement in the comparison of organ mass in our Korean adult head phantom with the MIRD adult head phantom with some differences which may require further comparison with Korean standard organ mass. We then calculated a comprehensive SAF values for internal photon sources with a range of energies from 10 keV to 4 MeV. We confirmed that the head phantoms of younger ages overall showed greater SAFs compared to the phantoms of older ages. Full set of photon SAF data for the combination of 10 source and target regions is available for download in a spreadsheet format. With addition of electron SAFs that will be computed in the future, the comprehensive photon SAF data developed in the current study will facilitate absorbed dose calculations for various cranial substructures in patients undergoing cranial neuroimaging procedures.
SUPPLEMENTARY MATERIAL
Supplementary material can be found at Radiation Protection Dosimetry online.
